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ABSTRACT 
The nex t  generat ion o f  Geostat ionary Operat ional  Environmental Sate1 1 i t e s ,  GOES-I 
through -M (he rea f te r  r e f e r r e d  t o  as GOES-Next), begins a new e ra  i n  the  opera t ion  
o f  weather sa te l  1 i t e s  by the  Nat ional  Oceanic and Atmospheric Admini s t r a t i o n  
(NOAA). With a new spacecra f t  design, three-axis a t t i t u d e  s t a b i l i z a t i o n ,  new 
ground support equipment, and improved methods o f  image nav iga t ion  and r e g i  s t ra -  
t i o n  t h a t  use on board compensation techniques t o  co r rec t  images f o r  sa te l  1 i t e  
motion, NOAA expects improved performance over  the  cur ren t  ser ies  o f  dual-spin 
spacecraf t .  To meet  these expectat ions,  p lann ing  i s  c u r r e n t l y  underway f o r  
p r o v i d i n g  the  complex and i n t e n s i v e  opera t i ona l  environment t h a t  w i l l  meet the 
chal  1 enge o f  opera t ing  the  GOES-Next spacecraf t .  This paper descr ibes t h a t  




The Geostat ionary Operat ional  Environmental Sate1 1 i t e s - I  through -M (he rea f te r  
r e f e r r e d  t o  as GOES-Next), expected t o  be f i r s t  launched i n  the e a r l y  199Os, w i l l  
cont inue the  GOES t r a d i t i o n  as our  Na t ion ' s  pr imary weather mon i to r ing  system. 
w i l l  have a d i f f e r e n t  a t t i t u d e  s t a b i l i z a t i o n  system, a new ground support  system, 
and improved image-processing techniques over  i t s  ancestors. This paper presents 
an overview o f  the Nat ional  Oceanic and Atmospheric Admin i s t ra t i on ' s  (NOAA 's )  cur-  
r e n t  p lans f o r  p rov id ing  nav iga t i ona l  support  f o r  the  operat ions o f  GOES-Next. I t  
descr ibes the  GOES-Next mission, the  GOES-Next ground equipment, and the  opera- 
t i o n a l  requirements f o r  the  mission. I t  a l s o  provides an overview o f  the  naviga- 
t i o n  and image nav iga t ion  and r e g i s t r a t i o n  ( I N R I  support t h a t  w i l l  be provided, 
which inc ludes  o r b i t  and a t t i  tude determi nat ion,  s t a r  measurements, data moni t o r -  
ing ,  s ta t ionkeeping,  housekeeping, and image motion compensation ( IMC) ,  which i s 
the  method used t o  c o r r e c t  image p i x e l s  f o r  s a t e l l i t e  motion. 
I t  
1.1 MISSION DESCRIPTION 
The purpose o f  the  GOES miss ion i s  t o  p rov ide  meteoro log ica l ,  s c i e n t i f i c ,  and com- 
muni ca t i ons  serv ices.  I t s  meteorologi  ca l  se rv i  ces i nc l  ude p rov id ing  v i  s i  b l  e and 
i n f r a r e d  images o f  clouds and o f  t he  Ear th ' s  surface. I t  a l so  ob ta ins  water vapor 
f i e l d  da ta  and soundings o f  the  E a r t h ' s  atmosphere. S c i e n t i f i c a l l y ,  t he  GOES-Next 
m iss ion  measures s o l a r  X-rays i n  2 bands, low-energy p a r t i c l e  f l u x  i n  14 bands, 
and high-energy f l u x  of protons and alpha p a r t i c l e s .  The GOES-Next communication 
serv ices  i nc lude  a data c o l l e c t i o n  p l a t f o r m  serv ice  t o  r e l a y  environmental data t o  
the ground, a weather f a c s i m i l e  se rv i ce  t o  r e l a y  weather-related data, and a 
search-and-rescue se rv i  ce t o  re1  ay data f rom emergency transmi t t e r s .  
F igure  1 shows the  spacecraft,configuration. 
t h a t  houses the  instruments and the a t t i t u d e  and o r b i t  con t ro l  system, a so la r  
a r r a y  connected t o  the  south face o f  the  main body, and a s o l a r  s a i l  connected t o  
the  n o r t h  face o f  the main body. 
sounder, which are  loca ted  on the  Ear th -po in t ing  face of the  main body. The imager 
prov ides 4 I n f r a r e d  channels and 1 v i s i b l e  channel f o r  images o f  t he  Earth;  the 
sounder prov ides 18 i n f r a r e d  channels and 1 v i s i b l e  channel f o r  soundings o f  the  
Ear th ' s  atmosphere. The imager and the  sounder p rov ide  the data f o r  the  meteoro- 
l o g i c a l  serv ices o f  the GOES mission. 
The s t r u c t u r e  cons is ts  o f  a main body 
The pr imary  instruments are the  imager and the  
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u n F  ANTENNA 
Figure 1. GOES-Next Spacecraft Configuration 
There are s i x  types o f  sensors and f i v e  types o f  actuators on the spacecraft (Fig- 
ures 1 and 2) t h a t  are used for a t t i  tude and o r b i t  control .  The sensors include 
two sets of coarse analog Sun sensors (CAS%), redundant d i g i t a l  Sun sensors 
(DSSs) , redundant D i g i t a l  I n teg ra t i ng  Rate Assembli es XDIRAs) , redundant Earth sen- 
sors, a magnetometer, and two Sun analog sensors ( located on the so la r  array yoke). 
The CASS o r ien ts  the spacecraft w i th  respect t o  the Sun during t r a n s f e r  o r b i t .  
The DSS ca l ibrates the DIRA during the t r a n s f e r  o r b i t .  
three mutual ly perpendicular r a t e  i n t e g r a t i n g  gyros t h a t  monitors a t t i  tude d r i f t  
throughout the t ransfer  o r b i t  and during stationkeeping maneuvers. 
sor provides p i t c h  and r o l l  data and i s  the primary sensor f o r  on-orbi t  a t t i t u d e  
contro l .  
ment. 
t o  the so la r  array. 
The DIRA i s  a system o f  
The Earth sen- 
The magnetometer senses the ambient magnetic f i e l d  i n  the space environ- 
The Sun analog sensors provide informat ion about the Sun's p o s i t i o n  r e l a t i v e  
The conf igurat ion o f  the actuators i s  shown i n  Figure 2. The actuators include 
s i x  redundant p a i r s  o f  5-pound thrusters ,  two momentum wheels, a react ion wheel, 
two magnetic torquer c o i l s  (not shown i n  the f igure) ,  and a so lar  ar ray t r i m  tab 
panel. The th rus te r  p a i r s  are located on the east, south, and w e s t  faces of the 
spacecraft. They are used by the onboard A t t i t u d e  and O r b i t  Control System (AOCS) 
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Figure 2. GOES-Next A t t i t u d e  and O r b i t  Control  System 
f o r  autonomous a t t i t u d e  c o n t r o l  and by ground command fo r  o r b i t  c o n t r o l .  The mo- 
mentum wheels a re  used f o r  p r imary  a t t i  tude s t a b i l i z a t i o n ,  w i t h  the  r e a c t i o n  wheel 
as a backup. The magnetic to rquer  c o i l s  a r e  loca ted  on the an t i -Ear th  and east 
faces of t he  spacecraft; they  a re  used f o r  yaw con!;-ol. The t r i m  t ab  panel i s  
l oca ted  a t  the  end o f  t he  s o l a r  a r r a y  and i s  use2 f o r  compensating the  s o l a r  r a d i -  
a t i o n  torque on the s o l a r  a r ray .  The s o l a r  a r r a y  i s  cont inuously  r o t a t e d  by a 
stepper motor t o  expose a l l  s o l a r  c e l l s  t o  the  Sun. 
The two opera t iona l  GOES-Next spacecraf t  w i  11 f l y  i n  geosynchronous o r b i t  w i t h  
designated s ta t i ons  o f  75 degrees and 135 degrees w e s t  longi tude.  The i r  nominal 
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Figure 3. Nominal GOES-Next Or ien ta t i on  
i n c l i n a t i o n  i s  20.1 degree about the  Equator. 
1 ized,  sp inn ing a t  one r e v o l u t i o n  per  o r b i t  t o  mainta in  Earth p o i n t i n g  f o r  the  
imager and the  sounder. 
The i r  a t t i t u d e  i s  three-axis s tab i -  
F igure 3 shows t h e  nominal GOES-Next a t t i t u d e  o r i e n t a t i o n .  
1 . 2  OPERATIONS GROUND EOUIPMENT (OGE) DESCRIPTION 
On-orbit  ground support for the  GOES-Next spacecraf t  w i l l  be prov ided by the Oper- 
a t i ons  Ground Equipment (OGE) l oca ted  a t  t he  S a t e l l i t e  Operations Contro l  C e n t e r  
(SOCC) ( c u r r e n t l y  i n  Su i t land ,  Maryland) and a t  a command and data a c q u i s i t i o n  
(CDA) s t a t i o n  a t  Wallops Is land,  V i r g i n i a .  The OGE components a t  t he  SOCC inc lude 
the  Product Monitor (PM) and the O r b i t  and A t t i t u d e  Tracking System (OATS). 
performs data q u a l i t y  moni tor ing,  sys tem t roubleshoot ing,  landmark i d e n t i f i c a t i o n ,  
and image nav iga t ion  and r e g i s t r a t i o n  ( I N R I  data capture and d i s t r i b u t i o n .  The 
l a t t e r  two func t ions  are  performed i n  support o f  the  OATS, which i s  the  key t o o l  
f o r  nav iga t ion  operat ions.  The CDA s t a t i o n  OGE components i nc lude  the  OGE Data 
A c q u i s i t i o n  and Patching Subsystem (ODAPS), the  Sensor Processing System (SPS), t he  
OGE I n p u t  Simulator ( O I S ) ,  and the  PM. 
chron iza t ion ,  and patch ing func t ions .  The SPS performs processing o f  imager and 
The PM 
The ODAPS performs demodulation, b i t  syn- 
c-7 
sounder raw data. 
and serves as a d iagnos t ic  t o o l .  Dur ing miss ion operat ions,  the 01s w i l l  be a 
backup f o r  the  OATS. 
mon i to r ing  and t e s t i n g .  
The 01s simulates data i n  support  o f  OGE i n t e g r a t i o n  and t e s t i n g  
The PM a t  the  CDA s t a t i o n  i s  used f o r  backup q u a l i t y  
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Figure  4. 
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1 f o r  performing a l l  t he  nav iga t ion  opera t ions  func- 
t i o n s .  
Gould CONCEPT 3216751 c e n t r a l  process ing u n i t  (CPU) w i t h  a 4-megabit (Mb) random 
access memory (RAM) and a hardware f l oa t i ng -po in t  acce le ra to r  as the  c e n t r a l  proc- 
essor. 
magnetic tape d r i ve ,  seven inpu t /ou tpu t  (110) devices,  and two communication mul- 
t i p l e x e r s .  The s y s t e m  sof tware inc ludes  a Gould MPX-32 Operat ing System, a macro 
assembler, a FORTRAN 77+ compi ler ,  c o n t r o l  sof tware,  and ana lys is  and p lann ing  
software.  
f o r  m u l t i p l e  spacecraf t  f o r  the ana lys i s  and p lann ing  software. 
The ana lys i s  and p lanning software inc ludes  modules t h a t  perform the  major func- 
t i o n s  f o r  nav iga t ion  operat ions.  
I t  i s  composed of bo th  hardware and software.  The hardware inc ludes  a 
There are  a l s o  two 160-Mb d i s k  d r i ves ,  one 800/1600-bit-per-inch (bp i )  
, 
The con t ro l  sof tware prov ides a mu1 t i  task ing  environment and support  
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spacecraf t  a t t i t u d e s  f o r  the  imager and the  sounder. I t  generates p red ic t i ons  of 
s t a r  a v a i l a b i l i t y ,  sensor c o n f l i c t s ,  ec l ipses ,  and the spacecraf t  ephemeris. 
the  o r b i t  and a t t i t u d e  s ta tes ,  i t  generates c o e f f i c i e n t s  f o r  u p l i n k  t o  the space- 
c r a f t  t h a t  w i l l  be used t o  compensate the  images f o r  o r b i t  and a t t i t u d e  motion. 
a l s o  generates o r b i t  and a t t i t u d e  parameters t h a t  are used f o r  g r i d d i n g  and Ear th 
l o c a t i o n .  
t o  the  spacecraf t  t o  view s ta rs .  
t a b  angle and fo r  c a l i b r a t i n g  the  DIRA.  
e ra tes  the  t h r u s t e r  f i r i n g  commands f o r  these maneuvers. 
f i r i n g  te lemet ry  f o r  c a l i b r a t i n g  the  t h r u s t e r s  and f o r  mon i to r ing  f u e l  use. 
1.3  OPERATIONAL REOUIREMENTS 
Using 
I t  
I t  uses s t a r  a v a i l a b i l i t y  p r e d i c t i o n s  t o  generate commands f o r  u p l i n k  
I t  a l s o  generates commands f o r  changing the  t r i m  
I t  plans s tat ionkeeping maneuvers and gen- 
I t  a l s o  analyzes t h r u s t e r  
The pr imary  purpose o f  nav iga t ion  opera t ions  i s  t o  monitor and main ta in  the  ac- 
curacy o f  image nav iga t i on  and r e g i s t r a t i o n  ( I N R I .  
o f  determin ing the Ear th  long i tude and l a t i t u d e  corresponding t o  each p i x e l  i n  an 
image. 
p i x e l  p o i n t s  t o  the  same corresponding Ear th  l oca t i on .  The INR accuracy requ i re -  
ments a re  c u r r e n t l y  be ing def ined.  
image r e g i s t r a t i o n  accuracy. 
24-hour pe r iod  must meet the  Ear th l o c a t i o n  accuracy requirements w i t h  re ference 
t o  a common g r i d .  
Image nav iga t i on  i s  the  process 
Image r e g i s t r a t i o n  i s  the  process o f  ma in ta in ing  the  image so t h a t  each 
They a r e  s ta ted  i n  t e r m s  o f  Ear th  l o c a t i o n  and 
Furthermore, a1 1 images and soundings taken w i t h i n  a 
The Ear th  l o c a t i o n  accuracy requirements app ly  t o  the  instantaneous geometric f i e l d  
o f  view fo r  every p i x e l  i n  any image. The cen t ra l  Earth angle i s  the  angle between 
the  s u b s a t e l l i t e  p o i n t  a t  the  center  o f  t he  image and the p i x e l  t h a t  i s  be ing Ear th  
loca ted .  
Image reg! s t r a t i o n  requirements a re  s p e c i f i e d  i n  th ree  categor ies:  
t i o n  between p i x e l s  i n  the  same image, image r e g i s t r a t i o n  between corresponding 
p i x e l s  i n  any two images taken w i t h i n  a 90-minute per iod  no t  i n t e r r u p t e d  by a d i s -  
turbance i n t e r v a l  , and image reg1 s t r a t i  on between correspondi ng p i  x e l  s i n  any two 
images taken w i t h i n  a 24-hour p e r i o d  i n t e r r u p t e d  by up t o  th ree  10-minute house- 
keepi  ng i n t e r v a l  s. 
image r e g i  s t r a -  
Ma in ta in ing  the a t t i  tude and geos ta t ionary  o r b i t  cons t ra in t s  i s  a l s o  the  respon- 
s i b i l i  t y  of nav iga t i on  operat ions.  The o r b i t a l  requirements a re  a spacecraft 
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i n c l i n a t i o n  i n  the range o f  k O . 1  degree and a spacecraf t  long i tude maintained 
w i t h i n  k0.5 degree o f  i t s  nominal s t a t i o n .  
Nav iga t ion  opera t ion  a c t i v i t i e s  focus on p rov id ing  I N R  support f o r  ma in ta in ing  the  
I N R  requirements and on main ta in ing  the  spacecraf t  o r b i t  and a t t i  tude through 
s ta t ionkeep ing  and housekeeping support .  
2.0 I N R  SUPPORT 
Nav iga t ion  opera t ion  a c t i v i t i e s  t h a t  support  the  e f f o r t  o f  ma in ta in ing  the  I N R  
requ i  rements i nc l  ude o r b i  t and a t t i  tude determi na t ion ,  s t a r  measurements, I M C  co- 
e f f i c i e n t  generat ion,  and data mon i to r ing .  A l l  these a c t i v i t i e s  a re  performed 
us ing  the  OATS. 
2.1 ORBIT AND ATTITUDE DETERMINATION 
The o r b i t  and a t t i t u d e  de terminat ion  process f o r  GOES-Next uses range, s t a r ,  and 
landmark data t o  ob ta in  the  bes t  est imate o f  the  spacecraf t  o r b i t  and a t t i t u d e .  
The est imated o r b i t  and a t t i t u d e  s ta tes  a re  then used t o  generate I M C  c o e f f i c i e n t s  
t o  be up l inked t o  the  spacecraf t .  These c o e f f i c i e n t s  are used on board t o  c o r r e c t  
each p i x e l  i n  the  image corresponding t o  the  t r u e  o r b i t  and a t t i t u d e  t o  produce an 
image corresponding t o  the  i d e a l  o r b i t  and a t t i t u d e .  
Spacecraf t  range measurements a re  t h e  pr imary  observable f o r  o r b i t  de termina t ion  
and a re  taken from the  CDA s t a t i o n .  
by the  imager v i  s i  b l e  channel. Each opera t iona l  spacecraf t  has a separate land- 
mark l i s t ,  a l though several  landmarks are  common t o  both operat ional  spacecraf t .  
S ta r  observat ions are  performed by the  imager and the  sounder w i t h  commands gener- 
a ted by the  OATS fo r  observ ing them. S ta r  measurements are discussed i n  d e t a i l  i n  
t he  nex t  sect ion.  
Landmark observat ions are p r i m a r i l y  obta ined 
The o r b i t  and a t t i  tude de terminat ion  process invo lves  the non l inear  es t imat ion  o f  
t h e  o r b i t  and a t t i t u d e  s t a t e  vec tors  such t h a t  the  weighted sum o f  t he  squares o f  
t he  res idua l  e r r o r s  o f  the  observables, 
c 6 GT H6Ti 
i 
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i s  minimized. 
t r i x  f o r  measurement no ise  and 6 r i s  t he  res idua l  e r ro r .  
The da ta  weight ing ma t r i x ,  W ,  i s  the  inverse o f  t he  covariance ma- 
The observat ion da ta  used are  the  s l a n t  range and s t a r  and landmark scan angles. 
The s l a n t  range i s  t h e  d is tance from the  CDR t rack ing  s t a t i o n  t o  the  spacecraf t .  
The scan angle observables, E and N (designated i n  Figure 51,  are  transformed from 
raw s t a r  and landmark observat ions.  
inst rument  XB a x i s  and the  l i n e  o f  s i g h t  t o  the  s t a r  o r  landmark, 3, i n  the scan 
plane. 
the  inst rument  XB-ZB plane and the  scan plane. 
north-south d i r e c t i o n .  
E i s  t he  complement o f  t he  angle between the  
N i s  the  angle between This  i s  approximately i n  the  east-west d i r e c t i o n .  
This i s  approximately i n  the 
I 
\t I > \  
Figure 5 .  Scan Ang e Observab es 
The scan angles are  a f fec ted  by de tec to r  misalignment and small a t t i t u d e  changes. 
Detec tor  misalignment s h i f t s  the  center  o f  t he  image when the  inst rument  i s  a t  an 
angle N i n  the  north-south d i r e c t i o n .  
the  scan angles: 
This  causes the f o l l o w i n g  cor rec t ions  i n  
6 
6E = 8,,cos N + Om, s i n  N 
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6N = +,cos N - em, s i n  N ( 3 )  
where em, and +ma a re  the  p i t c h  misalignment and r o l l  misalignment, respec t i ve l y .  




~ (4) 6 E  = -cos N60 - s i n  N6qr 
6N = -6+ - tan E s i n  N 6 8  - tan N cos N6qr (5) 
-a- 
The observable model, r, i s  a f u n c t i o n  o f  t he  s t a t e  vector ,  g(p,R), which inc ludes 
the  o r b i t a l  s t a t e  vector ,  j?, c o n s i s t i n g  o f  t he  o r b i t a l  elements, and the  a t t i t u d e /  
misalignment s t a t e  vec tor ,  K, which cons is t s  of t he  r o l l ,  p i t c h ,  and yaw a t t i t u d e  
angles (0, 6, q ~ )  and the r o l l  and p i t c h  inst rument  misalignment angles (@,a, 
l i n e a r  combination o f  Four ie r ,  exponent ia l ,  and B-Spline bas is  func t i ons :  
The a t t i t u d e  model used i s  an empi r i ca l  model t h a t  f i t s  each angle w i t h  a 
n 
jpl 
R k ( t )  =E $ B j ( t ) :  genera l ized a t t i t u d e  s t a t e  vec to r  (6) 
where t h e  superscr ip t  k i n d i c a t e s  the  a t t i t u d e  s t a t e  vec tor  angle (+, 0, qr ,  +ma, 
a ted  coef f i c ien ts .  
t he  I M C  c o e f f i c i e n t s  f o r  a t t i t u d e .  
a t t i t u d e  v a r i a t i o n  over one day i s  as shown i n  F igure  6. Caused main ly  by i n s t r u -  
ment thermal d i s t o r t i o n s ,  t h i s  v a r i a t i o n  should be repeatable approx imate ly  every 
24 hours, lend ing  i t s e l f  t o  a na tu ra l  p e r i o d i c  f i t  w i t h  a Four ie r  se r ies .  Exponen- 
t i a l  bas is  func t ions  are  used t o  model the  a t t i t u d e  dur ing  e c l i p s e  season. How- 
ever, some e r r a t i c  behavior i n  the  a t t i t u d e  i s  expected even a f t e r  the  Four ie r  and 
exponent ia l  f i t  has been made. B-spl ine funct ions are a v a i l a b l e  t o  f i t  t h i s  e r -  
r a t i c  behavior,  if necessary. 
indexed from 1 t o  5. B (t) a re  the  bas is  funct ions,  and & are  t h e i r  associ-  s J 
These c o e f f i c i e n t s  a re  p a r t  of the  so lve- fo r  parameters and a re  
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Figure  6. Expected D a i l y  A t t i t u d e  V a r i a t i o n  
2 . 2  STAR MEASUREMENTS 
P r e d i c t i n g  s t a r  windows and generat ing s t a r  v iewing commands a re  nav iga t i on  opera- 
t i o n  func t i ons  t h a t  support  the  o r b i t  and a t t i t u d e  determinat ion process i n  OATS. 
The GOES-Next s t a r  ca ta log  cons is ts  o f  approximately 500 s ta rs  o f  6 t h  magnitude 
and b r i g h t e r ,  i n c l u d i n g  some v a r l a b l e  and m u l t i p l e  s ta rs .  
made i n  the  imager and sounder f i e l d s  o f  view around the  Earth.  
f o r  observat ion o n l y  i f  they are observed un i fo rm ly  throughout the  day and are 
separated geomet r i ca l l y  w i t h i n  an image. 
p rox imate ly  th ree  s t a r s  i n  the i n t e r v a l  f o l l o w i n g  each imaging i n t e r v a l  (every 
ha l f -hour) .  Th is  prov ides approximately 150 s t a r s  per  day f o r  use i n  a t t i t u d e  
determinat ion.  
t a k i n g  c o r r e c t i v e  a c t i o n  f o r  anomalies such as missed s t a r  observat ions and la rge  
s t a r  measurement res idua ls .  
S ta r  observat ions are  
Stars  a re  se lected 
I t  i s  c u r r e n t l y  planned t o  observe ap- 
Nav iga t ion  opera t ion  respons ib i  11 t i e s  inc lude i n v e s t i g a t i n g  and 
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2.3 IMAGE MOTION COMPENSATION 
I M C  i s  the  process of c o r r e c t i n g  the  p i x e  
mot ion e f f e c t s  and f o r  inst rument  thermal 
a t t i  tude and o r b i t  con t ro l  e l e c t r o n i c s  by 
w e s t  and north-south s h i f t  i n  each p i x e l  
s i n  an image f o r  o r b i t a l  and a t t i t u d e  
d i s t o r t i o n s .  This i s  performed i n  the  
the  con t ro l  s y s t e m  processor. The east-  
s based on the I M C  c o e f f i c i e n t s  t h a t  a re  
computed i n  the OATS. 
appear as a p e r f e c t  image. 
F igure  7 shows the scan l i n e s  t h a t  would r e s u l t  from no p i x e l  s h i f t s  due t o  sa te l -  
l i t e  motion. This would occur i n  an i d e a l  o r b i t  and a t t i t u d e .  However, i n  the  
ac tua l  mot ion o f  the  s a t e l l i t e ,  scan l i n e s  t r a c e  a path t h a t  dev iates from the  
i d e a l  pa th  (shown a t  the bottom o f  F igure  7). The I M C  sys tem w i l l  c o r r e c t  the  
azimuth and e leva t i on  o f  each image p i x e l  so t h a t  the  scan l i n e  seen by the  user 
i s  i d e a l .  
As  a r e s u l t ,  t he  scan l i n e s  i n  the image seen by the  user 
The top  o f  F igure  7 i s  a diagram o f  the I M C  system. 
The f i e l d  o f  view o f  the  imager i s  23 degrees i n  azimuth by 21 degrees i n  eleva- 
t i o n .  There are  1480 scan l i n e s  f rom top  t o  bottom. Each v i s i b l e  scan l i n e  con- 
t a i n s  a se r ies  o f  p i x e l  a r rays  t h a t  a re  1 p i x e l  wide by 8 p i x e l s  high. I n d i v i d u a l  
p i x e l s  a re  1 k i l omete r  i n  both azimuth and e leva t ion .  The number o f  p i x e l  a r rays  
contained i n  an image depends on the  scan f i e l d .  Scan _ i  f i e l d s  range from a f u l l  
Ear th  scan down t o  an i n t e n s i v e  reg ion  scan cover ing 1000 k i lometers  i n  both az i -  
muth and e leva t ion .  
SCANLINES NO AZIMUTH -23' 
ELEVATION 
SCAN LINE WITH 
PIXEL SHIFT 
SCAN LINE SEEN 
BY THE USER 
' *  
INSTRUMENT FIELD 
OF VIEW 
Figure 7. Image Mot ion Compensation ( I M C )  System 
O r b i t a l  d r i f t  i s  caused main ly  by the  geopotent ia l  f i e l d  (zonal and tessera l  har- 
monic terms), so la r  and lunar  g r a v i t y ,  and s o l a r  r a d i a t i o n  pressure. The o r b i t a l  
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e f f e c t s  on the  image a re  a s h i f t  i n  azimuth due t o  the east-west d r i f t  of the 
spacecraf t  from i t s  nominal s t a t i o n  and a s h i f t  i n  e leva t i on  due t o  the  nonzero 
i n c l i n a t i o n  o f  the  o r b i t .  A t t i t u d e  d r i f t  e f f e c t s  are caused p r i m a r i l y  by so la r  
r a d i a t i o n  torques. A t t i t u d e  e f f e c t s  on the  image are  on e leva t i on  s h i f t  due t o  
r o l l  d r i f t ,  an azimuth s h i f t  due t o  p i t c h  d r i f t ,  and a combination o f  azimuth and 
e l e v a t i o n  s h i f t s  due t o  yaw d r i f t  and inst rument  misalignments. 
Nav iga t ion  opera t ion  r e s p o n s i b i l i t i e s  f o r  I M C  inc lude generat ing the  I M C  c o e f f i -  
c i e n t s  and mon i to r ing  t h e i r  up l i nk ,  q u a l i t y  assur ing the I M C  c o e f f i c i e n t s ,  and 
t roub leshoot ing  IMC anomalies. 
o r b i t  and a t t i t u d e  so lu t i ons  are  monitored. 
c o r r e c t i v e  a c t i o n  i s  taken before the  c o e f f i c i e n t s  are up l inked and made opera- 
t i o n a l .  
ce ived and checked f o r  consistency w i t h  the  I M C  model. 
Residuals o f  computed I M C  c o e f f i c i e n t s  against  t he  
Large res idua ls  a re  inves t iga ted ,  and 
I M C  q u a l i t y  checking i s  a l s o  performed us ing the OATS. I M C  data are r e -  
2.4 DATA MONITORING 
Data a re  monitored r e g u l a r l y  t o  check I N R  accuracy requirements, s ta t ionkeeping 
requirements, and the  h e a l t h  and s a f e t y  o f  t he  spacecraf t .  
a re  processed, and t h e i r  res idua ls  a re  computed based on the  p red ic ted  o r b i t  and 
a t t i t u d e .  
i nves t i ga ted ,  and c o r r e c t i v e  a c t i o n  i s  taken. 
tored,  as discussed i n  Sect ion 2.2. 
Landmark observat ions 
Abnormally l a r g e  numbers o f  landmark res idua ls  above t h e  th resho ld  a re  
Star  observat ions a r e  a l s o  moni- 
3.0 NAVIGATION SUPPORT 
Stat ionkeepi  ng maneuvers a re  performed t o  c o n t r o l  the  i n c l i n a t i o n  (north-south 
s ta t ionkeep ing  maneuvers) and subsatel  1 i t e  long i tude (east-west s ta t ionkeep ing  and 
s t a t i o n  change maneuvers). Maneuvers a t  t he  end o f  mission l i f e  a r e  a l s o  performed 
t o  dispose o f  the  spacecraf t .  A t t i t u d e  r e o r i e n t a t i o n  i s  a continuous process con- 
t r o l l e d  by the  onboard a t t i t u d e  and o r b i t  c o n t r o l  system. 
t h i s  i s  prov ided through housekeeping operat ions.  
Nav iga t ion  support f o r  
3.1 NORTH-SOUTH STATIONKEEPING 
The average i n c l i n a t i o n  d r i f t  a t  geosynchronous a l t i t u d e  i s  approximately 0.86 de- 
gree per  year. This requ i res  north-south s ta t ionkeep i  ng maneuvers approximately 
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every  2.8 months t o  ma in ta in  a 0.1-degree i n c l i n a t i o n .  Maneuver dates are  pre- 
d i c t e d  by p e r i o d i c a l l y  generat ing a spacecraf t  ephemeris i n  the OATS based on the  
cu r ren t  OATS o r b i t  so lu t i on .  Approximately 1 week before the p ro jec ted  maneuver 
date, t he  OATS i s  used t o  determine the  t h r u s t e r  f i r i n g s  requi red t o  move the  
spacecraf t  o r b i t  t o  i t s  t a rge t .  
t i o n  a t  t he  opposite end o f  t he  i n c l i n a t i o n  cons t ra in t  box. 
"node f l i p " ;  t h a t  i s ,  t he  r o l l  t h rus te rs ,  p o i n t i n g  southward, are f i r e d  a t  the  
descending node such t h a t  i t  becomes the  ascending node. Approximately 2 hours 
be fore  the  s t a r t  o f  the  maneuver, t he  DIRA i s  turned on and ca l i b ra ted .  This i s  
discussed f u r t h e r  i n  Sect ion 3.3. Postmaneuver a t t i t u d e  i n s t a b i l i t i e s  can l a s t  
f o r  as much as 6 hours, causing a ser ious impact on normal imaging operat ions.  
Fo l low ing  each maneuver, t h r u s t e r  f i r i n g  data and prope l lan t  sys tem temperature 
and pressure data a re  co l lec ted .  
and managing p rope l l an t  use. 
The t a r g e t  o r b i t  i s  the o r b i t  having an i n c l i n a -  
This i s  achieved by a 
These data a re  used f o r  c a l i b r a t i n g  the  th rus te rs  
3.2 EAST-WEST STATIONKEEPING 
East-west s ta t ionkeeping maneuvers a re  performed t o  maintain o r  change t h e  sub- 
sa te l  l i t e  longi tude.  Nominal s t a t i o n s  f o r  t he  operat ional  GOES sa te l  l i t e s  are 
75 degrees west long i tude (GOES-East) and 135 degrees w e s t  long i tude (GOES-West). 
Stored s a t e l l i t e s  w i l l  be pos i t i oned  w i t h  regard t o  t h e i r  intended use and the  
h e a l t h  s ta tus  o f  the  Operational s a t e l l i t e s .  
t h e  s u b s a t e l l i t e  long i tude depends on i t s  p o s i t i o n  r e l a t i v e  t o  a s tab le  l ong i tude  
node o f  105.5 degrees west .  For the  opera t iona l  spacecraft s ta t i ons ,  east-west 
s ta t ionkeep i  ng maneuvers occur approximately every 2.5 months. 
maneuvers occur as requi red.  
spacecraf t  o r  on the  hea l th  and s a f e t y  o f  t h e  spacecraft.  
The d i r e c t i o n  and r a t e  o f  d r i f t  o f  
S t a t i o n  change 
The i r  frequency depends on the des i red  use f o r  t h e  
East-west s ta t ionkeeping maneuver dates are  pred ic ted  by p e r i o d i c a l l y  generat ing a 
spacecraf t  ephemeris i n  the  OATS based on the  cu r ren t  OATS o r b i t  so lu t i on .  Maneu- 
vers take p lace on o r  before the  date on which t h e  east-west s ta t ionkeeping con- 
s t r a i n t  i s  v io la ted .  Maneuvers a re  planned such t h a t  the t h r u s t e r  f i r i n g s  prov ide  
an impulse t o  the  spacecraf t  so t h a t  i t s  east-west d r i f t  keeps i t  w i t h i n  i t s  sta- 
t i o n  long i tude l i m i t s  f o r  t he  longes t  pe r iod  of t i m e .  
maneuvers a re  planned such t h a t  t he  t h r u s t e r  f i r i n g s  provide an impulse t o  the 
spacecraf t  so t h a t  i t s  east-west d r i f t  b r ings  i t  t o  i t s  desired s t a t i o n  i n  a g iven 
S im i la r l y ,  s t a t i o n  change 
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per iod  o f  t i m e .  
6 hours, causing a ser ious impact on normal imaging operat ions.  Maneuver monitor-  
i n g  occurs i n  the same manner as f o r  north-south maneuvers. 
c o l l e c t e d  a f t e r  each east-west maneuver so t h a t  t h r u s t e r  c a l i b r a t i o n  and p r o p e l l a n t  
management can be performed. 
3.3 D I  RA CALI BRATION 
Approximately 2 hours be fore  the  s t a r t  o f  a maneuver, the DIRA i s  turned on so t h a t  
r o l l ,  p i t c h ,  and yaw DIRA angle data can be c o l l e c t e d  by the OATS f o r  D I R A  ca l  i bra- 
t i o n .  R o l l  and yaw data  are  used t o  determine an average d r i f t  r a t e  i n  those 
d i r e c t i o n s ,  p i t c h  data,  which i nc lude  the  o r b i t a l  d r i f t  r a t e  t h a t  mainta ins space- 
c r a f t  Ear th  po in t i ng ,  a re  a l s o  used t o  determine an average d r i f t  r a te .  
d r i f t  r a tes  a re  used t o  c a l i b r a t e  t h e  D I R A .  D IRA angle data may be monitored dur- 
i n g  the  process f o r  unexpected a t t i t u d e  d r i f t .  
3.4 PLUME IMPINGEMENT 
Before the  s t a r t  o f  a north-south s ta t ionkeep ing  maneuver, the  s o l a r  a r r a y  i s  
p laced i n  a park p o s i t i o n  t o  minimize r o l l  t h r u s t e r  plume impingement. However, 
s o l a r  a r r a y  heat ing  s t i l l  occurs. 
r o l l  t h r u s t e r  continuous f i r i n g  t o  5 minutes, fo l lowed by a 5-minute coo l i ng  i n -  
t e r v a l  before the  nex t  f i r i n g .  
d u r a t i o n  of north-south s ta t ionkeep ing  maneuvers; f o r  example, a 0.4-degree i n c l  i- 
n a t i o n  would r e q u i r e  a 15-minute maneuver of  which 10 minutes i s  ac tua l  burn t i m e .  
Postmaneuver a t t i t u d e  i n s t a b i l i t i e s  can l a s t  f o r  as much as 
Thrus ter  data are 
These 
Consequently, there  i s  a c o n s t r a i n t  l i m i t i n g  
This  c o n s t r a i n t  has a s i g n i f i c a n t  e f f e c t  on the 
Plume impingement and heat ing  e f f e c t s  can be minimized 
s ta t ionkeep ing  maneuvers a t  optimum t i m e s  around s o l s t  
3.5 CONTINGENCIES 
Several cont ingencies a re  avai  lab1 e t o  hand1 e abnormal 
a s ta t ionkeep ing  maneuver. A standby communications 1 
by per forming north-south 
ces .  
events t h a t  may occur du r ing  
nk i s  ready i n  the  event 
t h a t  communications a re  l o s t  j u s t  be fore  t h e  s t a r t  o f  a maneuver. 
t i o n s  are  l o s t  du r ing  a maneuver, t h a t  maneuver i s  terminated. 
completed p a r t  o f  t he  maneuver i s  determined, and the remainder i s  rescheduled and 
rep1 anned i f necessary. 
I f  communica- 
The e f f e c t  o f  t he  
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I f  abnormal a t t i t u d e  changes occur dur ing a stationkeeping event, there i s  the 
possi b i  1 i t y  o f  regaining a t t i  tude contro l  by enter ing e i ther  Sun or Earth reacqui- 
s i t i o n  mode i n  the AOCS. 
Housekeeping operations are p a r t  o f  the a c t i v i t i e s  supported by the OATS. House- 
keeping includes a t t i  tude contro l  through unloading o f  angular momentum from the 
momentum wheels, t r i m  tab pos i t ion ing,  and DIRA ca l i b ra t i on .  Housekeeping opera- 
t i ons  occur d a i l y  and are scheduled so as not t o  i n t e r f e r e  wi th  the imaging proc- 
ess.  
4.1 ATTITUDE CONTROL 
Nominal a t t i t u d e  control  f o r  GOES-Next w i l l  be performed by the two p i t c h  momentum 
wheels (Figure 8) .  
o r b i t .  P i t ch  i s  con t ro l l ed  by a speed modulation o f  both wheels. Ro l l  and yaw 
are con t ro l l ed  by rol l-yaw quar ter -orb i t  coupling. 
t i a l  modulation o f  wheel speed producing a yaw momentum increment. A t t i t u d e  errors  
created dur ing stat ionkeeping maneuvers are contro l  led by unloading r o l l  and yaw 
momentum w i th  th rus te r  f i  r ings.  
Both wheels operate t o  maintain Earth po in t i ng  throughout the 
Rol l  errors cause a d i f f e ren -  
4.2 T R I M  TAB POSITIONING 
The t r i m  tab i s  used t o  compensate the so la r  ar ray f o r  t h e  solar r a d i a t i o n  pressure 
torque. 
a t  which the t r i m  tab i s  t o  be s e t  based on the so lar  torque. 
erates the commands f o r  s e t t i n g  the t r i m  tab angle. 
The t r i m  tab angle can be stepped d a i l y .  The OATS determines the angle 
The OATS a lso gen- 
4.3 DIRA CALIBRATION 
The DIRA i s  composed o f  three mutual ly perpendicular r a t e  i n teg ra t i ng  gyros. 
are or iented along the r o l l ,  p i t ch ,  and yaw axes and are used t o  measure a t t i  tude 








Figure 8. Momentum/Reaction Wheel Conf igura t ion  
Fol lowing turn-on and warmup o f  the  DIRA, the  OATS c o l l e c t s  a t  l e a s t  30 minutes o f  
r o l l ,  p i t c h ,  and yaw DIRA angle data. The p i t c h  data are cor rec ted  f o r  the  o r b i t a l  
r a t e .  
each d i r e c t i o n .  
t o  t h e  spacecraft.  Once they are upl inked,  the  DIRA i s  r e s e t  t o  i n i t i a t e  t h e i r  
use. 
Each s e t  o f  data are then cu rve - f i t  t o  produce an average d r i f t  r a t e  i n  
The OATS prepares commands fo r  these d r i f t  r a tes  t o  be upl inked 
5.0 SUMMARY 
The GOES-Next s e r i e s  o f  spacecraft w i l l  p resent  a more demanding requirement on 
operat ions than the  cu r ren t  GOES sa te l1 i t .es .  The new system o f  I N R  us ing image 
motion compensation f o r  b e t t e r  imaging c a l l s  f o r  d a i l y  generation o f  I M C  coe f f i -  
c i e n t s  based on o r b i t a l  and a t t i t u d e  motions o f  the  spacecraft and instrument 
thermal d i s t o r t i o n s .  
i n g  a c t i v i t i e s  t h a t  a re  no t  performed on t h e  cur ren t  dual-spin spacecraft. 
t i a l  impacts on normal imaging operat ions,  such as those t h a t  w i l l  occur dur ing 
Three-axi s a t t i  tude s tab i  1 i z a t i o n  requ i res  d a i l y  housekeep- 
Poten- 
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s ta t ionkeep ing  maneuvers, a l s o  pose an opera t iona l  problem. Consequently, NOAA i s  
c u r r e n t l y  prepar ing f o r  d a i l y  operat ions o f  these spacecraf t .  
p repara t ion ,  they are  developing methods o f  reducing the impacts t o  imaging. 
e a r l y  miss ion eva lua t ion  pe r iod  i s  a l s o  planned t o  evaluate spacecraf t  performance. 
Once t h i s  eva lua t ion  i s  complete, t he  GOES-Next s y s t e m  should p rov ide  improved and 
accurate weather forecasts i n t o  the  nex t  century.  
A s  p a r t  o f  t h i s  
An 
ACKNOWLEDGMENTS 
The authors wish t o  thank K. K e l l y  (NOAA), M. Suranno (NOAA), R. Johnson (Computer 
Sciences Corporat ion),  and J. Dunham (Computer Sciences Corporat ion) f o r  t h e i  r 
though t fu l  comments du r ing  p repara t i on  of t h i s  paper. They are  a l s o  g r a t e f u l  t o  
R. Pendley (Computer Sciences Corporat ion)  and t o  the  Technical Pub1 i c a t i o n s  
Department f o r  t h e i r  ass is tance i n  producing t h i s  paper. 
BIBLIOGRAPHY 
Ford Aerospace and Communi ca t ions  Corporation/Western Development Labora tor ies  
D i v i s i o n ,  WDL-TR1093, GOES IJK/LM Imaqe Nav iua t ion  and Rea is t ra t i on .  DRL 300-06, 
Volume 1 - Non-Propr ietarv In fo rmat ion ,  January 15, 1987 
--, WDL-TP4077, GOES I / J /K  B e s t  and F i n a l  O f f e r .  Volume 11. P a r t  1 - Technical 
ApDroach (Book 11, A p r i l  1985 (P rop r ie ta ry )  
Ford Aerospace and Communi ca t ions  Corporat ion,  GOES-PCC-TM-0789 Revi s ion  B, North- 
South. East-West. S t  a t ionkeeping T i m e  Lines, R .  Rip ley ,  August 17, 1987 
--, GOES-PCC-TM-1648, Mathematical Foundation o f  the  O r b i t  and A t t i t u d e  Determina- 
t i o n  Proaram, K .  M. Ong, October 7, 1987 
570 
